Investigations of carbon monoxide (CO-related poisonings and deaths on houseboats were conducted by the Centers for Disease Control and Prevention, National Institute for Occupational Safety and Health. These investigations measured hazardous CO concentrations on and around houseboats that utilize gasoline-powered generators. Engineering control devices were developed and tested to mitigate this deadly hazard. CO emissions were measured using various sampling techniques which included exhaust emission analyzers, detector tubes, evacuated containers (grab air samples analyzed by a gas chromatograph), and direct-reading CO monitors. CO results on houseboats equipped with gasoline-powered generators without emission controls indicated hazardous CO concentrations exceeding immediately dangerous to life and health (IDLH) levels in potentially occupied areas of the houseboat. Air sample results on houseboats that were equipped with engineering controls to remove the hazard were highly effective and reduced CO levels by over 98% in potentially occupied areas. The engineering control devices used to reduce the hazardous CO emissions from gasoline-powered generators on houseboats were extremely effective at reducing CO concentrations to safe levels in potentially occupied areas on the houseboats and are now beginning to be widely used.
INTRODUCTION
Investigations of carbon monoxide (CO)-related poisonings and deaths on houseboats were initially conducted at Lake Powell, Arizona, in September and October 2000, involving representatives from the National Institute for Occupational Safety and Health (NIOSH), the U.S. Coast Guard, the National Park Service (NPS), the U.S. Department of the Interior, and Utah State Parks and Recreation. These investigations measured hazardous CO concentrations on houseboats. (1) Some of the severely hazardous locations/situations identified included:
1.
Areas above and around the swim platform (located at the rear of the boat) which could be lethal under certain circumstances (i.e., generator/motor exhaust discharging into this area) on some houseboats.
2.
Areas above and around the swim platform (at the rear of the boat) which were at or above the immediately dangerous to life and health (IDLH) level of 1200 parts per million (ppm) for CO. (2) 3. Monitoring of CO concentrations during boat maintenance activities indicated potentially hazardous exposures.
Epidemiologic investigations revealed that from 1990 through April of 2008, 309 houseboat-related CO poisonings occurred in the United States. Nonfatal poisonings associated with houseboats numbered 283 with the majority of these poisonings being directly attributable to generator exhaust. Of the 309 houseboat-related CO poisonings, 26 resulted in death. More than 800 CO poisonings related to recreational boating in the United States have been identified, and that number continues to increase. (3) This article will summarize the results of NIOSH studies on two potential emissions controls for houseboat generators including the dry stack exhaust and the catalytic converter.
BACKGROUND
NIOSH investigations on houseboats that exhaust uncontrolled generator combustion gases beneath or near the rear deck showed that extremely hazardous CO concentrations can accumulate in that area. These hazardous conditions are exacerbated when the drive engines are operating. CO concentrations in this area measured by three separate methods (i.e., realtime instruments, evacuated containers, and detector tubes) indicated concentrations well above the NIOSH IDLH value of 1200 ppm. Individuals swimming or working in the area under the swim deck, or around it (near the water level), could experience CO poisoning or death within a few minutes if the generator and/or drive engines were operating. (4) Engineering control studies began in February 2001 at Lake Powell and Somerset, Kentucky. (5, 6) Results of these studies demonstrated that an exhaust stack extending 9 feet above the houseboat's upper deck dramatically reduced the CO concentrations on and near the houseboat and provided a much safer environment. NIOSH's Division of Applied Research and Technology (DART) researchers signed an interagency agreement with the U.S. Coast Guard, Office of Boating Safety to investigate the problem and evaluate engineering control solutions to mitigate the CO hazard.
Health Effects Associated with Carbon Monoxide Exposure
CO is a colorless, odorless, tasteless gas produced by incomplete burning of carboncontaining materials such as gasoline or propane fuel. The initial symptoms of CO poisoning may include headache, dizziness, drowsiness, or nausea. Symptoms may advance to vomiting, loss of consciousness, and collapse if prolonged or high exposures are encountered. If the exposure level is high, loss of consciousness may occur without other symptoms. Coma or death may occur if high exposures continue. (7) (8) (9) (10) (11) (12) The display of symptoms varies widely from individual to individual, and may occur sooner in susceptible individuals such as young or aged people, people with preexisting lung or heart disease, or those living at high altitudes.
Exposure to CO limits the ability of the blood to carry oxygen to the tissues by binding with the hemoglobin to form carboxyhemoglobin (COHb). CO binds at the same site on the hemoglobin as oxygen, and with an affinity of 245 times higher. (12) Therefore, the presence of CO in the blood can interfere with oxygen uptake and delivery to the body. Once absorbed into the bloodstream and exposure has ceased, the half-life of bloodborne CO at sea level and standard pressure is approximately 5 hr. This means that an initial COHb level of 10% could be expected to drop to 5% in 5 hr, and then 2.5% in another hour. If oxygen is administered to the exposed person, as happens in emergency treatment, the COHb concentration drops more quickly. Once exposed, the body compensates for the reduced bloodborne oxygen by increasing cardiac output, thereby increasing blood flow to specific oxygen-demanding organs such as the brain and heart. This ability may be limited by preexisting heart or lung diseases that inhibit increased cardiac output.
Altitude affects the toxicity of CO. With 50 ppm CO in the air, the COHb level in the blood is approximately 1% higher at an altitude of 4,000 feet than at sea level. This occurs because the partial pressure of oxygen (the gas pressure causing the oxygen to pass into the blood) at higher altitudes is less than the partial pressure of CO. Furthermore, the effects of CO poisoning at higher altitudes are greater. For example, at an altitude of 14,000 feet, a 3% COHb level in the blood has the same effect as a 20% COHb at sea level. (13) 
Occupational Exposure Limits for Carbon Monoxide
Occupational criteria for CO exposures are applicable to NPS and concessionaire employees who have been shown to be at risk of boat-related CO poisoning. The occupational exposure limits (OELs noted below apply to the working population and should not be used for interpreting general population exposures (such as visitors engaged in boating activities). The effects of CO are more pronounced in a shorter time if the person is physically active, very young, very old, or has preexisting health conditions such as lung or heart disease. Persons at extremes of age and persons with underlying health conditions may have marked symptoms and may suffer serious complications at lower levels of carboxyhemoglobin. Standards relevant to the general population take these factors into consideration, and are listed following the occupational criteria.
limit of 200 ppm, which should never be exceeded. (14) NIOSH has established the IDLH value for CO of 1,200 ppm. (2) The American Conference of Governmental Industrial Hygienists (ACGIH ® ) recommends an 8-hour TWA threshold limit value (TLV ® ) for occupational exposure to CO of 25 ppm. (15) The OSHA permissible exposure limit (PEL) for CO is 50 ppm for an 8-hour TWA exposure. (16) Health Criteria Relevant to the General Public-The U.S. Environmental Protection Agency (EPA) has promulgated a National Ambient Air Quality Standard (NAAQS) for CO. This standard requires that ambient air contain no more than 9 ppm CO for an 8-hour TWA, and 35 ppm for a 1-hour average. (17) The NAAQS for CO was established to protect "the most sensitive members of the general population."
The World Health Organization (WHO) has recommended guideline values and periods of TWA exposures related to CO exposure in the general population. (18) WHO guidelines are intended to ensure that COHb levels not exceed 2.5% when a normal subject engages in light or moderate exercise. Those guidelines are:
• 100 mg/m 3 (87 ppm) for 15 min
• 60 mg/m 3 (52 ppm) for 30 min
• 30 mg/m 3 (26 ppm) for 1 hour
• 10 mg/m 3 (9 ppm) for 8 hr
MATERIALS AND METHODS
Emissions from gasoline-powered generators were characterized using a Ferret Instruments (Cheboygan, Mich.) Gaslink LT Five Gas Emissions Analyzer. This analyzer measures CO, carbon dioxide (CO 2 ), hydrocarbons, oxygen, and nitrogen oxides (NO x ). All measurements were expressed as percentages except hydrocarbons and NO x which was in ppm. (One percent of contaminant is equivalent to 10,000 ppm.)
CO concentrations were measured at various locations on the houseboats using ToxiUltra Atmospheric Monitors (Biometrics, Inc., Middletown, Conn.) with CO sensors. ToxiUltra (Biometrics, Inc., Middletown, Conn.) CO monitors were calibrated before and after use according to the manufacturer's recommendations. These monitors are direct-reading instruments with data logging capabilities. The instruments were operated in the passive diffusion mode, with 30-sec sampling intervals. The instruments have a nominal range from 0 ppm to 999 ppm. Typical sampling locations for the ToxiUltra (Biometrics, Inc., Middletown, Conn.) real-time CO monitors on the lower and upper decks of the houseboats are shown in Figure 1 . These monitors were placed at various locations on the upper and lower decks to provide representative samples of occupied areas. Several monitors were placed on the boats' stern swim platforms because it is common to enter and exit the water via this structure.
CO concentrations were also measured with detector tubes (Draeger A.G., Lubeck, Germany) [CO, CH 29901-range 0.3% (3,000 ppm) to 7% (70,000 ppm)] directly in the generator exhaust. The detector tubes are used by drawing air through the tube with a bellows-type pump. The resulting length of the stain in the tube (produced by a chemical reaction with the sorbent) is proportional to the concentration of the air contaminant.
During the evaluations, grab samples were also collected using Mine Safety and Health Administration (MSHA) 50-mL glass evacuated containers. These samples were collected by snapping open the top of the glass container and allowing the air to enter. The containers were sealed with wax-impregnated MSHA caps. The samples were then sent to the MSHA laboratory in Pittsburgh, Pennsylvania, where they were analyzed for CO using a gas chromatograph equipped with dual columns (molecular sieve and porapak) and thermal conductivity detectors.
Exhaust Controls Evaluated
Exhaust stack controls on houseboats were evaluated. On houseboats equipped with exhaust stacks, the water-jacketed exhaust passed through a muffler/gas/water separator, designed to route the exhaust gases up through the stack while the water flows out just beneath the waterline on the starboard stern side of the houseboat. Exhaust gases are physically mixed with cooling water. Cooling water and exhaust gases must be separated during installation of the exhaust stack. Separation efficiency is important to avoid water entering the stack.
Resistance to the water flow and exhaust exiting the generator should be minimized to prevent excessive back pressure. The exhaust stack and water outlet to the separator must be designed properly to ensure proper separation of exhaust gases and water. (19) See Figure 2 for a diagram showing the gas water separator configuration.
Performance evaluations of generators equipped with catalytic emission control devices were also conducted by NIOSH researchers. Given the proprietary nature of this technology, little information was obtained regarding the specific control technologies used to reduce the CO emissions. However, an electronic fuel injection system was employed to efficiently combust the gasoline fuel to reduce exhaust emissions, including CO. Secondly, a catalytic air pollution control device was designed to optimize the chemical oxidation of CO in the exhaust generator exhaust emissions. (20) According to the manufacturer, the catalyst should be replaced after 2000 hr of use. The manufacturer also recommends that CO emissions be spot checked at 1000 hr of use. Stainless steel was selected as the catalyst housing to inhibit corrosion from the harsh marine environment. (20) The catalytic ingredients used in the catalyst were not revealed by the manufacturer, but normally are composed of metal or metal oxides (e.g., Pt, Pd, Rh, V 2 O 5 ). These metals are normally dispersed onto a high surface area porous structure (e.g., Al 2 O 3 , SiO 2 ) located within the catalyst. Exhaust gases adsorbed onto the surface undergo catalytic reactions. A catalyst increases the rate of a chemical reaction without undergoing a permanent change itself. (21) 
RESULTS AND DISCUSSION
Over four initial field investigations were conducted by CDC, NIOSH industrial hygienists and engineers which indicated very high concentrations of CO on and around houseboats using gasoline-powered generators. Following these investigations, NIOSH researchers worked with major houseboat and generator manufacturers to evaluate novel engineering controls to reduce CO concentrations in occupied areas on houseboats. This work led to approximately 11 engineering control field evaluations and collaborations with external partners to evaluate new engineering technologies designed to reduce CO exposures and poisonings.
Exhaust Stack Evaluations
Evaluation of a stationary houseboat represents the most standard generator operating condition. The boat is typically anchored or docked and the drive engines are not operating, but the generator is running to provide electrical power for air conditioning, lighting, and entertainment. Because CO exhaust concentrations can be very high, directing generator exhaust gases away from areas where people may be located (i.e., the water or lower rear deck of the houseboat) is particularly important.
Engineering control studies began in February 2001 at Lake Powell and Somerset, Kentucky. (5, 6) Results of these studies demonstrated that a generator exhaust stack extending 9 feet above the houseboat's upper deck (Figure 3 ) dramatically reduced the CO concentrations on and near the houseboat and provided a much safer environment. NIOSH conducted considerable research to evaluate the exhaust stack to reduce the high CO concentrations on houseboats.
NIOSH evaluations found that the stack exhaust greatly reduced the CO hazard in occupied areas of the boat (Table I ). The extended stack on the upper deck propelled exhaust gases with enough momentum to disperse CO concentrations. Average and peak CO concentrations at all locations on the houseboats with exhaust stacks were well below OELs (OSHA, NIOSH, and ACGIH ® ) when only the generator operated. A summary of the CO results obtained during the NIOSH research on stationary houseboats is presented in Table I .
NIOSH found that high temperature and high humidity levels, temperature inversions, generator loading, and houseboat trim angles had little effect on the exhaust stack performance. It also demonstrated the importance of proper design and installation of exhaust stacks to ensure that all exhaust gases are released through the stack. (19) Welldesigned stacks have been shown to reduce CO concentrations on houseboats by as much as 99%. (22) 
Catalytic Emission Control Evaluations
In one study, the performance of two (20 kilowatt (kW) and 14 kW) Westerbeke Safe-CO (Baton Rouge, La.) generators were tested after being used on rental houseboats for two boating seasons. The evaluated generators had 2835 and 4656 hr of use, respectively, and were equipped with catalytic converters and electronic fuel injection systems. (23) The two Westerbeke Safe-CO (Baton Rouge, La.) generators used for two boating seasons performed well; average CO concentrations at various locations on the boat were generally below 5 ppm. Peak CO concentrations were all well below 10 ppm. (23) However, results of this study indicated that degradation of the catalyst was observed on the 14 kW unit that had 4656 hr of use. This generator was unable to keep CO concentrations below 4000 ppm under load when measured directly in the exhaust plume. When the catalyst was replaced, the generator again performed according to its design criteria. CO concentrations measured directly in the exhaust stack were below 1000 ppm for the fully warmed generator with the new catalyst.
That compares to measured CO concentrations which usually exceeded 10,000 ppm on older Westerbeke generators without the Safe-CO control systems. (23) A summary of CO results collected during the NIOSH research to evaluate the effectiveness of the catalyst control is presented in Table II .
It is important to follow the recommendations provided by the manufacturers and replace the catalytic emission control device as directed. Some of those recommendations include periodically changing the oxygen sensor in the generator and replacing the catalyst every 2000 hr. (23) CONCLUSION NIOSH has shown that CO concentrations from gasoline-powered generators on houseboats can reach dangerous concentrations. (1, (4) (5) (6) 22, (24) (25) (26) (27) CO measured in the exhaust and near the rear of boats has often exceeded the IDLH value of 1200 ppm. These uncontrolled generators routinely emitted CO at concentrations well above the IDLH and concentrations exceeding the NIOSH workplace ceiling limit of 200 ppm.
Approximately 11 in-depth technical evaluations of two types of engineering controls occurred over a ten-year period: 1) a generator exhaust stack that reroutes emissions from the water line to well above the upper deck of the houseboat; and 2) and engine emission controls (fuel injection and catalysts) that reduced CO at the source before being exhausted. Both engineering controls effectively reduced exposures by over 98%, to safe concentrations in potentially occupied areas of the houseboat.
In order to reduce CO concentrations on a houseboat, it is important that the generator exhaust stack, water separator, and associated piping and hoses be designed and installed properly. If the stack exhaust is not designed properly, the performance could be hindered. Rather than hazardous exhaust gases passing through the stack to a height well above the upper deck, high static pressure in the stack could force exhaust gases to pass out the side terminus near the water line. (19, 28) While concentrations on the boat remain low with the stack exhaust as compared to the side exhaust, CO measurements taken directly at the stack outlet indicated a range of 5% to 8.6% CO (50,000 ppm to 86,000 ppm). Because this concentration is 42 to 72 times greater than the immediately dangerous to life and health value for breathing zone concentrations of CO, it is prudent for houseboat manufacturers to clearly label and identify the exhaust outlet to warn people. (28) A well-and properly designed water/gas exhaust separator and stack is a viable low-cost control that efficiently removes hazardous CO concentrations from any potentially occupied areas on or near the water level of a houseboat.
Initially, one of the major obstacles in the safe use of gasoline-powered generators was the absence of emission controls. NIOSH researchers have partnered with boat builders and marine engine manufacturers since 2001 to address this hazard. Work in this area has resulted in new low-emission generators and other engine technology which has greatly reduced the risk of CO poisoning in the marine environment. Two major manufacturers of marine power generation systems, Westerbeke and Kohler, have developed low-CO emission generators. Our evaluations have shown that the addition of technologies such as catalytic converters and electronic fuel injection to marine generators has helped to dramatically reduce CO emissions by 99%. (23, 29) To ensure that the systems operate effectively, houseboat owners and operators should follow all manufacturers' recommendations regarding maintenance and replacement schedules.
Controlling exposures to occupational hazards is the fundamental method to protect workers. Traditionally, a hierarchy of controls has been applied. Following the hierarchy normally leads to the implementation of inherently safer systems, where the risk of illness or injury is reduced. Clean burning fuel-injected generators fitted with properly functioning and maintained catalytic emission controls connected to a properly designed water/gas separator and exhaust stack have the potential to provide added protection against possible CO poisoning than the stack or the catalyst emission control device alone.
Recommendations from this effort have enabled the marine industry to widely embrace these innovative solutions to the problem of this hazard. In addition, regulations have been enacted based upon the technological advances documented by this research. The American Boat and Yacht Council (ABYC) modified their standards for generator exhaust to include exhaust stacks. (30, 31) As of 2009, U.S. generator and marine engine manufacturers have been manufacturing commercially available cleaner burning engines that dramatically reduce CO emissions. This has been codified through Environmental Protection Agency (EPA) regulations. (32) The California Air Resources Board (CARB) also acted to implement CO requirements. (33) In addition, the U.S. NPS has issued new requirements for concession boat rental and marina operations to prevent CO poisoning. (34) Several major houseboat rental companies have retrofitted their entire fleet with control systems. Typical sampling locations on the lower and upper deck of the houseboats. Locations 5 and 8 were sample locations on previous houseboat studies and are not reported in this article. 
*
The CO Emissions are significantly lower after a short warm up period when compared to the cold start of the engine. ** Catalytic converters were old and replaced after reporting these numbers. All generators listed on this table were under a 50% load.
